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M. A. Miller, and E. H. Morrin

SUMMARY .

Thermal and static pressure-drop performance data
on three fluted-type heat oxchangerra are presented. Two
of the heaters utilized corrugated surfaces along the

..”.fluid passagee and the third one was constructed with non-
corru~.at-ed eurfaces. In these tests all heaters were
fitted with the same air shroud. Previously reported data
taken on the latter heater, but with a different air shroud,
are co~pared with the current data,

Exhaust-gas rates from 3500 pounds per hour to 6600
pounds p~r hour and ~antilating-alr rates from 1500 pounds
per hour to 4’?00 pounds pcr hour were used. Pressure-
drop measurements wera made across the exhaust-gas and
ventilating-air sldas of the exchanger under both isothermal
amd qonisothermal conditions.

‘The mea”eured thermal outpuis arid static pressure-drops
are “comp~.red with predicted magnitudes. ,

. ...- ..” ..
. . .. . . I?ITEODUC!l!IOl!l.; “.

.. . “.

. . .
“ ‘T:wo‘oorrugatak fluted type heaters (copper and stain-

less ‘s.tes.1)and. another. heater of the same type but with
plain, n“oncorrugated ~qssages (stainless steel) were tested

* In.th”e large. tos~t stand. of }he kec.hanlcal l!ln inhering. Lab-
oratorl”ea of the Unlversmitoy,qf California, ?See descrip--
tion of this test stand in referenpo 1.) “ .
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These heaters are designed for use in the exhaust--
g8s streahk”.bf “.aiTqXq$t .pngines. fQr O~bin, Wing, and t&il-
surface heating systems.

J ...... .... . .. .. .
The following” hata were ”obtained:

,....
,... ...>. .. .

1. “.Weight”rates of exh”aust-gas and ventilating
alr-t&ough the two -sIdes of th~ heat ex-. .
changer
“.. ..

‘2; “Tempb~a~@bs of vcniilhtlng air and exhaust
gas at entrance” and exit of.the heater

3. Temporatuzeq of..the heater surfaces

4. Static pressure-drop measurements on the ex-
haust-gas and ventilating+ir sides of the
heater under. both isothermal and. nonisothermal

.,, “flow oonditiona. .
.. ..

This report is one of a saries of advanc”e restricted
“ reptirtw that des”crib.e research boirig conducted on aircraft

!. hemti exchangers at the. University. of California under the
sponsorship and with the financial assistance of the
Hational Advisory Comulttce for Aeronautics.. .

. .
..

DZSCRIPTIOii. OEmT.HE EZ&TZRS.AM3 0~ . ..

TSE TESTING PROCIJDURE. .

.

The fluted-typo hsaters tested were all primo-s-~rface
paral.lal-flow units. The fluted passages, o.obstructed of
either coppor or stainless steal, arc tapoiod at each ond
of the heater.

The corrugated fluted typn heaters consist of 34
altarnate ventilating-air and sxhauat-gas passages in the
ease of{ the.c”opp-er:heatsr and. 32 altornata .vantilating- . “
air and axhaust-gas passages in tlm case of tho statuless-
Steal h~ater. (See. fig. 16. ) Thesa pass.agas. are formed
from sheets of corrugated metal so that the distanco batween
the walls. is. conmtant along the. passage, that is, the pas-
sage is sinuous. in c.haracter~ The corrugations are spaced ~.
inch apart and are arran~ad perpsndlcularly to the direction
of flow of the fluids.
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~he hea~er, “~ongtruut~d O? no$aorrugaked”atafnloas

Bteel and oonta Itiing”’32“fluid passages, waB aleo teOted
previously using a different air shroud. The results of

9. bhe &&,t&”oblialnbd.at tiha”ttime were reported In reference
10 The air shroud used In the ~.egts rep~t.ed heTe dlfferd
from .bhe pro.yi’oue ohe onl~ ‘ih“the conflgurt%tlori of the ih-
let air ducts, .,

Diagrams and photographs of th’ebe hea;ers aro shown ..
in figureB 1 to 4.~nd 16. .-

.... . .. ..

The””weight rates of exhaust gas and vpnt~lating air “
were ohtalned ’%y”m~ans ““o-fdalilihated square-edge orifices.

. . -

l!he exhaueb-~ae ”temmporathr $a”~ere’measure~ at the Inlet
and outlet of the heater by meana of shielded, traversing
thormocouplea. Unahieldad, traversing. lihermocouplea were
used for the vent~18t-lng-air. temperature me~aur::ementta.

Lt

Temperature of tho heater surfacea were mo8aurod at “
SIX polnta by noans of th”ermocouplea,” (See $1#. 16. )
Threo of tho thermocouples were located on the vontilating-
air aide of the heater shell, near the ezhauat-gaa Inlet -
the other thrbe “thedmocouploa being slmllarly located near
tho exhauat-gas outlet. The three th?rmocouploa in each
group aro fipaced;at approximately ~qual intorvale around
the circumference. . .

. .

The arithmetic avora;ge of the readinga of the three
thermocouples located near the oxhauet-gaa inlet is de-
algnated aa tl, whor~aa” the arithmotlc average of tho
readinga of the three thermocouples located. mear tho”do&n-
stream ead of the hoa”ter “is dealgnated aa ,ta.. (See figs.
1 and 16 and tablea I and 11.) . . . , . “}” .

Static pressure-drop ueaauroments wore made acrosa
the ventilating-air -and exhauat-gaa .ai.dew”of tho”hoat.er,
Twa .tapa,.180° apart, wire installed at each .proasure-
moasuring station.

. . .

NOTATION , ., ‘ . “’

,-,.
A qmea of heat: tianafsi, .f.ta ..:1:. . ‘“ “ ‘ .

h..”

A~ total croes-eectiona$ nrea o.f:.t.he:paae&gea”on the
ventilatinti~air.:a.i&e of -thq hea,tor, fta ~“..“ . .. .... ... . ....-......-.-- -- ..-.........-.......-------...... . .. . .,.

. .
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total .crom-+ec.tional krea of the .pass.age“in the .
“.

exhaust-gas side ‘~f the “heater ~ fta .
. .... .-..L. “,“... ... , ... .. . ..

heat capacity” of air at constaht prek$urs, Btu/lb “%..
“..

heat capacity .of exhaust gas at constant preashre,
. .

atu/lb ‘I’ ., . .

hydraulic tiiarne.ter,ft.

hydrqulic diarn~t;r on”ventlla”t ing-alr side, ft : .
. .

hydraulic diameter on exhaus&gae side, ft
. ... .

untt thermal convective conductance (av. “with length),
Btu/hr fta ‘~ .. . .

. . .

unit’ therwl con~ective conductance for the ventilating
air (av, with le”ngth), “3tu/hr fta ‘E :

...

unit thermal convective Conductance “for the exhaus”t
gas (av. with length ),Etu/hr fta ‘1?

..

gravitational force pa unit of.mass, lb/ (lb soca/ft)

weight rate per unit of area, lb/hr f“ta,.

weight rate per unit of area for ventllatirig air,.
lb/hr fta

weight rate per unit of a:ea for exhaust gas, lb/hr fta

K. isothermal pressure drop factor defined %y the
.

AP Uma
equation — ~ K —

Y 2g .. . .
.

a significant diaene ion in equsticms for fc along flat
plate, ft

. .
L length of heat .transfor surface, ft

P heat tranefer perimeter, ft

qa measured rate of enthalpy change of ventilating air,
.

Btu/hr” or k Btu/hr (= 1000 Btu/hr)*

measured rate of enthalpy change of exhaust gas, .
‘g Btu/hr or k Btu/hr (= 1000 Btu/hr)*

~—
* kBtu designates kilo btus

.
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(u)

w

.AP

APa

.
.. ..

arithmetlo average of three burface temperature
measurements taken near the exhaust-gas inlet , ‘X.,.

arithmetic avbrage ‘o-fthree surface temperature
measurements taken near the eXhaust-ga6 outlet, ‘F

. “. ..

artthmetlo a~erage mixed-mean”atisolute tem~er@ure

of ventilating atr =
‘al+ ‘aa

+ 460,%
,2”

arithmetic average mixed-mean abkolute temperature
Tl”+ Ta ~B

“- ~ f.l’lid= ~’
“...

arithmetic average mixed-mean absolute temperature
m w
‘gJ+ ‘ga

of exhaust gaii””=_ + 460, ‘R
2

..

mixed-aean absolute temperature. of fluid at entrance
section (point l), %

. mixed-mesp absolute temperature of fluid at exit
section (point 2), %

..

mixed-mean absolute temperature of fluid for lso-
“thermal preeiure drop tests, oR

mean velocity o~ flyld~at minimum cross-sectional
area of fluid passages, ft/sec

over-all unit thermal conductance,” Btu/hr fta ‘Y
“.

over-alml thermal conductance, “Btu/hr ‘r

weight rate of fluid, lb/hr ..

weight. rate of air, lb/hr
..

. .

weight rate off exhauet gas, lb/hr
..

weight density of fluid at entrance to heating
seotlon (point 1), lb/ft3

..

statio pressure drop, 11)/fta” -

total stati: pressure drop on ventilatln~ir
side, lblfta
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Ap !a , . total stat:c pressure drop on YOntilatin.gglz
. . side ,“inches H=O ...a . .

, .’

lm’g , . total -static pressure drop om .exha~t-gas.. sl~e, ...

,“

Ap ?
~.

‘Pduct

‘Phtr

At=

.,
Lb/.:ta. . “’ . .. . .. . ..

total static prepsur-q drop on. exhau~t-gas side, .
“Inches HaO ~

...
. .. I
. . ..

i~othedmal ;t”at~c.p;~ssure drop along inlet and
outlet ducts Qf the air shroud, lb/f.t~ .

isothermal static pres,sur.e.d~h.p @long..the heater
passafies only, lb/fta’

total iso~hertil st~t~c pressu~e dr’op along’ heater .‘.
and ducts at temperature ~iso, lb/ft2

-..: ....... .....

isothermal friction factor defined by the equa-

AP:tibli, — =
?

~.$.u$
. .

.. . . . .
.“. ..

logarithmic mesh temperature diff~]ronce” dafined “b-
y equation (4), ‘I’ , . - .

A7a ... .‘dlfferduco between nixed-mean temperature of
..

ventilatin~ai”r at sectio~defined by points
~.a~d 2 = (Taa JaJ, %7

.. . .
-.

P viscos?ty”of flhid; lb.sec/fta ..,. .. .

Tal mixed-mean temperature.of ventilating air At
entrance section (point 1), ‘F

,. ..
.

Taa mixed-mean temperature of ventilating air at
exit oectiou, (point 2) , ‘F

.. .

T
#l

mixed-mean te:rpcr?ture of exhaust gns at outr~ce
section (point ,1), ‘F “ .‘:’

. . ..
.-

‘~a mixed-mean temperature of exhaust gas at exit
section (point-2), al’, “ . . +.

Ro RQynolds num%.or = GD/3600Pg : . .
8“



.... .. ... . . -——

7

-.

Heat Trarisfer “ “ .,

— ..

“The thdrma”l output of the heaters ”was det.ermlnod’
by the enthalpy ch”ange”of the” ventilating air:”

. .
., .’ qa Pa ‘T‘Q””ra”c”””-“ .....

a% - ‘al
~.

(1)
.. . .. . . . ...

%: . .
in which

CP=
wam kval~ted at the arith~otic average

ventilating-air temperature as a good, approximation.g 4 .
plot of qa againOt ~a- ‘at’constant valuoe of the

ex~ust-gas rate” “(Wg)- la sh~wn in figures 6 and 19.
...

On the exhaust-gas side of the .hoator: “ “ “ .“
r
,

{2)

whor e
cPg

wa~. evaluated for air at tho norithmetic avera~e... .

exhaust-gas temperature.

The over-all thnrmal conductance UA was evaluated
from t%o e::prossibn

..

qa = (UA) Atlm (3)

. .
tiere Atzm “is”the lo”&;iari” t“o”m”poritho””klffeience
defined by tho equation

.“ .. .-.. . . . ...““.

.,
“The” variat~ons ~of . :~. with - .~a “an”d .Wg “are ‘Shown

graphically in flguree 7 and 11. The termal output of
‘the ho”a’tdrfo~”””Vallze”lf””MT-“Atlm ‘-ottier”.thzn-~hoee uwed .Ixnro

.... .. . . . .....

“m .... . ... . . “.

.“”
.

---- . —.
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may bo predicted by determining
rates from figures 7 and 11 and
equation (3)*

. . . .

UA at thQ actual weight
using these magnitudes In

Prtidiotions. o? the magnitudes of the “ov@i--all””&hermal
oonductanco ~(111)“.were attempt ed.’ The e~resslon

. .
,

. ...,

was’-us’ed (reference 2, equation (4).).

Uhe heat transfer area (A) is based upon thb heat “
transfer p~rimetor mea.surod at the center of the fully
fluted section ‘of the heater ~.nd upon”’a length which
consists of that of the fully fluted center section plus
one half the Iongth of each .of the tapersd endss Y or
example, In the case “of the” stainless steel noncorru~ated
heater (see data on fig. 16):

Length of fully fluted section, 0.917 ft

Length of nac.h tapered end, 0.354 ft
..

Heat transfer perimeter at cectim AA, 5.56 ft = P“.

The equivalent len@h of heat transfer surface ie then

0.354
L==

0.354
+. 0.917 + —

2
= 1.27”ft .

. .

Heat transfer area, A = P L = 5.66 X 1.27 = 7.19 fta

The choic~ of this’lohgth Is somewhat arbitrary but
it probably yie~d8” k”cOils~rva~lvk ~alui Qf the over~ll
thermal c~nductance JJA)< . “ -

Tho unit thermal aonductances fca and fcg on the

ventilating+lr and exhe.ust-gao sid~s , respectively, are
evaluated from the followlng equations:

. .

*See alternate method for computing heater output for the
case when only the Initial te:~p~raturos of the air and gas
are known (referenco 12)0
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(a) ~orhgg;e~tainloss steel nonoorrugated fluted
,-

. .
.,.

. -. --- .Gio. e .“- .

f = 5.56 X 10-4~a0’8ee _ (6)
.- ‘a ~ao. a .

.-..

an@ . .
..z ,.

~ Q*8. .

= 6,56 X 10Y4 T
Oma!se.g .. .

.. f o-a (7) .
‘~ %

‘&
. .

. .

In which D 58 the hydraulio djameter. Theso equations
are valid for the calculation of the unit thermal oonduc-
tanco. (fc) for forced convection in smooth, straight duets
In which tha fluid and heat-flow mo.chanlsms correspond to
thaso. in the turhulont rdgime.* The values of tho thermal
resistances (l/f&)a and (l/f&)g can also be obtained

by uso of chart B of reforoncos 1 and 2. (See reference
2 for the dori~ation of equations -(6) .~n?..(7)?) .

..

and

(h) For the copper and stainless
flutedhcr.t ers:

..
“0.a .Ga

fc = 9,36 X 10-4 ~a —
R a o.a

..
, .. ,... ...... .

. . ,Qgha -

f= ‘a. 9,36 X 10-4 7!
~

g-

steel corrugated

(8)

(9)

, ..
T.hsso ezDressions are based. on’ &ata’for hoat transfer

by forcdd cun;ection ovor flat plates of length 1, measured
In the direotion of the flow of the fluid, Ilquations (8)
and’(9) are ,valld only In th~ rogi.on downstream ~rom tho
point whero the flow in tllo rettirded layer along the plate
has ch.mgod from laminar to turbulent flow. The flow”in

*Seo Discussion of this resort for oomment on effect of
diameter to length ratio for duets or channels.
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the retarded layer near the leading edge of t~q plate is
.usuall~ lazairiari in which case “the uril%-”t~ermal conduc-
tance (fc) ie a f;nction of the 0.5 “power of (3 and of
the -0.5 power of .

‘..

~ The use of. thsse” equations, based on flat-plate heat-
transfer data loag.-the corrugated passages” of the heaters
tested, implies that a retarded layer Is initiated at the
crest of each corrugation %ecause the value of the nlgnti-
icant dimension 1 was taken to be ~inch, the distance “
between succesaiWe crests of the corrugated passages.

. .
..:

Sampie Calculation of (UA)

(J1’orrun 49 on nonc~rruga.ted fluted type heater. . “
Data from table I and fig. 15.)

Ga
0s e

(a) Cbmpu%8tion of fca = 5.56 X “10-4 Taoma”sex-
llaO.n

. . ‘.

“ia=”
980.+ 252°

+ 460° = .635° Ii . .
. .

2’

v~
Ga=~

4550 lb/hr
=—- = 40,600 lb/hr fta

a.. 0.~12 fta
.’
-.

. . A& - ~ 0“.112
Da = 4 X“ ‘ =4x— = 0.0589 ft

wetted perimeter 7060

o.aOs
f = 5,56,X 10-4 (635) x (4~,60@) ‘-e

Ca .. (0.,0589) “a
. . . . , ..”.

,.

= 32.0 Btu/hr fta ‘F

(b;” Coqmtation of . f=
~

5,56 x 10-4

1.

. . . .. .. . . .

.

. . .. . . . .
-.
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Tg = 14200 + 13720

“, ‘2 ‘. :-..
. .“.”. . 1. .

+ 4600 = 1850° B
...

. . k..., :-, -.. . .-
.- . .“..- .-..,... . . . g ;:.1

Gg -
. .

70 lb’hr = 34,4b0 lh/hr fta “
0.194 f’ta . . ., .

.-.

. . . . .

. . .. . . . :. .
‘..t. ”...

. . ..
. .

= 5,56 %:.10-4 ”(1860) -s’,(34,46N-”a
fcg . . :

10.101)008

“.

= 34.8 Btu/hr fta ‘F
.
.

...

(c) Computation of UA = 1.

~-
.’ (fCA)a (f. A)g

“.

i = 7.19 fta ““

.

tJA=—
L

..
1

—+
.1 0.00435+ 0.00400

32,0X7019 34m8x 7.19
..

1

= 0.00835

UA = 120 Btu/hr ‘Y ~

value of UA obtained f;om
of ~~ was (see flgC 7):

.

the laboratory meas-
,.

!Che
urements

.
“!lfJ.

~=..”k= 170,000 Btu/hr
s- 150” Btujhr ‘E...,

At~m
,

1130°r ..”.“ .
, ...-.’. “.. ....i
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Percent deviati~n...o$hqhq ppedictm?~:,~A&aitudbifrom:l
the measured magnitude w&s””-20 percent.

.I.-,.......—.
: ....

.. . . ..- ~..

Isothermal Pressure Drop.- Because-’bf t“tii’komplex
curva~ure of the met and outlet ventilating-ir ducts,
the Isothermal preesur

2
drop through these ducts could

not be pred.$c$edy.6g.t.3Jagtpral~.~ ..J93w31ir.Lkw3 ~o.t~e, fact
that these Inlet aq~,qutlet duqtg. were,us.ed:y.jth %oth the
plain and corrugated. fluted type heaters, the Influence
of the corrugations of the heater metal upon the pressure
drop aloEg the’filv~dm paapa~es -cculd be determined frum the
total measure&.~zh8=aJ.dTo~.&~@p&bpt&thexhe@$+r<and. air
ducts. :.” { . . >, . .

.., .“.1..,

The Isothermal pressure drop~ through the corrugated-
fluted passages on the air side. of.tho..hoat~r. wore..calcu-
lated in the following manner: ‘“ “ - -“ “‘- “- . .

(a) The preesure drop along the air passages .
.._.-.9jkQk3J3qJnJ,., pncc-rrugat e@.flut?d #~-

Esages was calcu~atbd ‘b~ ~oa-ns’of t “e
--..:-q= 17@n--..-;

...... . .. ... .,.,

‘Phtr ~ L urn=
—= - -—

Y iso ~ Zg (lo)
. . .. .+

. . ..- ...

whgr o ciso was taken as the friction
.-----......... .......... .-.+..._.........-, ...
.... .. .. factor for ~comuer-ci-~-l.t:i%es~‘ ‘“.#., , ...-.....-.......... ..- ----

(b) This pres~wr”a :drpp ~as.j;~{;~~.trbedfrom
the total drop in pressure across the
heater (APtso) to obtaj-n,J.he losses

in the inl~t and outlet ducts

.. ~. #- ● ✎ ✎ ✎ ✎ ✎

AP =AP -AP’ ‘“ (11)
. .!.UC3 .,,$s0 , htr... ... :-.. .. .. . . ..-... ..

0.

(c] Since the s&e ‘inlet an:k outlet” duct~ were
also used ou. the..co~ru~ated fluted hQaters,

.. .. t.h,e-du~t,1~.~&~....c~W~.~d.~d?rm.~qwtion..
(11) rising tile ~eaq~rements o,n the non-

J—.
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cobrugat”ed flutad. unft were oubtractsd “from.
the total tie’ps~red“p~esgure drop across “the
oorrugake.d fluted” heater, yleldirig appr.oxi---“.-
mately* ‘the pres Bura drcrp in the oorrugatedm
aid passages. Thus equation (11) was used
to oompute the prde.ssuro drop along the air

., “.~asBagoe” 0$ t%e oory’ugated flyt:ed heatorsg..--- . . .,,, -.. -...,.,. . .,.,

‘ (d] ~The frlc~i.on faator was ttiqn o-btained from
,.

equation (10)s

corrugated surfaoe.s’&e computed ahd”is t~~ulated In “..
“tables 111 ‘aridIV. -.... ,. ... “.

,. . .
In” irdor- to utilize exls-tlng d~ta for fitti’ngq, and.

sot-forth, for tho estimation of the- prcssuro drop in the:,
air ducts , equation (10.) is u~ed in .thcif err,

,. . . AP* ur&
a

.. — =IK—. .
. v“ 2g “. -

. ..,.

I’n tho case of the frictional prossuro dTop in straight *
ducts,

..
. . ..

‘=(’1s09. . .... :.-.
. .

(13)

By evaluating tho magnitude of K In equation (12) for
the comp.lox Inlet and outlet air .ductq, It was found that
the.pressuro drop through those ducts could be calculated
approx$mat”e.ly by usl’ng a valizo of K-= 1.0.,to 1~5,. cbrre-.
spondlng .to sharp 90° bends~. ($Qe rPfb~enc0s”4t o-60) “ .
Hence,. the) function o$? these” ducts in copd.uctl.ng the” L
ventilating-air through the hoator passages is approql~-, ‘
mately that of a 90° bend- .

‘Un the exhaiimt~gas. ~eide o}” the heaters, “~the.”lsokhermal
tfrlotion facto r. ’.-ieo;~.“‘waO;p81cu18ted’ By. qean9 03. equition

(l O) U,.’ 1~.”thie aase,. A~~go.~..hph~y.,lbecause. the. pressure” drop
?long-..the .@cS~ leadlilg to. and. from the hbafb~ was-rie~ligible
pamp~yqd to .4bat along. tkd”;flutas exhau~~ga~ ~assages; “

.&—-A -----
;;;~tare. d~op along the air .out-

.

let duct may not be the same when ueed In the corrugated and
nonoorrugated units because the heater passages affect the flow
conditions at the entrance to the outlet air duct.
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..~~do~h+rmal pre.s.s.ure.d~opo- The nonisothermal

static..~res.s~yrb .d$bp of. either fl.ul~ t.&”~gh the heat
eikhang.qq was. pr.e.dict%dfrom i.sothernal measurements hy
means Of. d~.ti$tlo~‘:(6) of”r’eferen~e ljO“.‘“”... . .. .

. . . . . 1

.
. . . . . . . . .

- AP ()p~v y’== ~ ~ , a:.~f%_)
) (14)=di~i~o \Tis~ . \ . ~ ,

360@ ylg /T1

.. ..1.!.

“..-
in which A~i~

?

is the total measured i.sotQermalP static
pressure drop due to fr~cti on alone) at t5.~p9rathzre

~iSOS ~1.and TZJ are the mixed-mean absolut~ .tomperatures,-
of: the. f l-aid at the tulet and outlet of the h6ater , rospec-
tIvely, Tar .is the arithmetic ~vera~e of T1 end Ta,
G .1sthe f~uid rate per unit croks-sec”tional “hre.aand ‘Yl
is the wsight doaslty, evaluated ~t tempers.tuke T1 of the

.“.fluid at the inl~t tm the heater.
-..

A co,~parison of measured “and predicted nonisothermal
pressnre drops across each side of the heater i~ presented
In ta%leq T.and VI and is shows graphicall;r in figures 8,
9, 12, 13, and 14.

, ..

. .

Heat transfer and pressurs-drop data for the three,
heat exchangers are .,presented in tables I and II.. . ..

,.

DISCUSS ICE

,.

The rnsulbs of. the te9ts on th~ thiee flute d-t~po
heat’ exchangers are shown. graphically. The. results. ob-

tained fot the p.laiti~f~qted heater are glv.en .in fSgures
6.to 9 and those for tha two corragdted fluted heatez’s
~~t;~~lQss steel and copper) are given in figures 10

.
. .

. . . The co$resp~u’ ~i~.flpiI~sicgII. dimensions of all three
heaters are approxl~ately equal. However, the depth of
the ventilat ing-~ir:passages was” sllghtly less for the
corrugated flute d..heaters -- AIso, the ~tain~ess steel

.“ corrugated. fluted heater consisted” of sixteen air gassages
which is the same as the plain fluted cheater;,.whereas,.. the
other corr.ugatied flu$ed heater.,.constiuctqd of copper,
.tained seventeen air passage s.. “

... con-

.. . . . .. ... .
. .

.$
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Oomp~rison of Resul$s on ioncorrtigated Heater
. .

Using TWO Different Air Shroud.m , . . ... .. . . .-. .
0 ,-. . . .a--. ,’”-”

The ~irns air ejmoud was used In all of the tests
reported here. A- com~aris”on can be made, however, between
the preseut results in-the qase of the plain fluted heater
and those reported for t-he sume heater In reference 1. In
the. latter experiments’~ longer air shroua was us6d.whi.ch
afforded the. earne croge-eectional area for the flow;of”
vdntllat~ing lair but had longer isle.t and outlet duets, thus
probably yielding a.more even di~trtbutlan of. air flow (al-
though an analysis o.f the masurernentla of surface temp. near
the ends of the heat.dr did not tndlcate any large difference.
In the performance In t~is respedt for the .t.wo”ai~ shrouds).
Because the flow”iarea~ were e~uivalent, .the:.rateq ‘of”heat
transfer %-ere shout the same for the hsater using elthor
shroud (compare fig. 6 of this report to fig. 21 of refere-
nce 1). Eoweve-r , fhe. $soth.crmal pressure drop was almost
doubled in the case of the-air shroud with the ihorter lu-
let and outlet “ducts. All of tl]is increase In pressure
drop oan be ascri%ed to the greater curvature of the ducts,
In which the air is turned in ortier to flow through the
air passages.

Thus, it ma; be said that If the lon~or air shroud
werealso.used con the corrugated fluted heaters, the rates
of heat trazafor WOUIE bo about .thc ..eameas for the sharter
shroud but the -gres~ure drops WCUIL be .decreasod appreciably.
It IQ undoubtod~y true that in many actual lnstallatlGns a
limited space would not’uorcit the use of the longer (lower-
pressure drop) air Qlirouda

“... . .
Heat Transfer . . .

A comparison of tko results on the three heater? using
the shorteq (h’ighe-r-pressure drop) air shroud reveals that
the use of corrugated fluted. passa~es yloldB thermal con-
ductance approximately 45 pert-ent greater than those ob-
tained with the plain, n~ncorrugated passages- (Oompare
figs. 7 and 11.). The rates of heat traasfer far the two
cor.rugatod fl’atod heaters were a%out equals although the
copper heater heat-transfeq. a~,e-a-~?ae slightly. gr?atnr due
~o the additibn~l Elr passage. .“ ““””“ “,. . .

1. Honcorru&at”cd fluted h~ator .=”, ~~b predicted” ovor-. .
all thermal conductance. for the pl.a.in”flu$ed heatnr was

.

II – ——-— -.
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20 to 25 percent ”lotier tbn the value based upon computa-
tions of laborat.o;y mepsqements. (See fi~”. 7“.-)i Part
of this discrepancy” iB “due to .tlle:.i~>il$$~.to predict
the ,tiechanisms:of: heat. transfer along the” “tapered ends of
the flutet passages, A “heat-transfer mechanism equivalent
to that alting the fully fluted .center. section” df tlio heater
wa$ used”.along the, tapsred ends in the prediction calcula-
tions. Equations. (6) and (7), used in th~ predtctloa of”
(UA) “for the. plain fluted heater , are based on data taken
in” smooth ducts .whene the hydrau.lio diaaeter of the passage..
is used “as the. s.lgnfficant dimension .D. The use of the..
nlultiplier (1 + 1.1 D/L) in equations (6).and.(7) to account
for the higher .unit tbe”rmal conductance near the entrance of“.
a tu%e or channel would have yielded magnitudes of (UA”)
about 7 percent higher than thbse which wbre” obtained with-
out emplo~ing this correction~.~ (See a~pendlx of reference
9 for a discussion .of this corroctlon.). ,

.r

. .
,.

2. Corrugated fluted heaters.”- The pre~icted over-
all thernal conductance (UA) for the’ co=rugatwi fluted
heaters agree well (within lo”pcrqent) with the valuas
dorivect fron laboratory measurements. 1? thesa calcula-
tions the unit thermal” con~ucta.nce (fc) o= either sido of
the kcater was calculated by means of equ~~tlons” (8) and
(9] , which are based o.nheat-tre.nsfar data fron smomth
flat ~lates.. The value of the significant. dimension Z
was taken to be the distanco hatwaon succGs8ivo crests of
tho oorrugat,ions (iqe., tho wave length, $/in.). This. choico
is equlvalont to stat5n~ th~t a retarded layer Is initlatod
at the crest of eaci corru~~tion along the vans of the
fluid passages and, th.~refore, the nechanism of heat trans-
fer is tho samo as that along Buccasetvo idealized flat
plates. The use of tho multiplier (1 + 1.1 D/It) is not
necessary fcr equations (8) anfl (9), which evaluat; the
average unit thermal conductauco ‘for the length It
should also he stated that equations (8) and (9) sh&ld bo
used In””roglons of systons in which th~ retarded layer has
changc?d from lamin~r to tlzrb-il.~ntflow. Thus the oquatlons
are. moro a-pplicable for long, flat plates, o+or whioh the
laminar.retarded la:re”radjacent to the leading edge doos
not extend a.loag an appreciable portion of thk flat plato~
Tho curvmture of tha covrugatod passa~es in this caBe prob-
ably nu%intains a tilrhulont rotardad la-yor rather. than a
laminar layer. ——- —-——
*Laboratory oxp?rlments are noir baing donductod in” ordor
to dotiormine “the validity of t~is corr~ction factor.
‘*equations (8) and (9) are .uscd .withcu? a correction factor “
for the D/L effect bocauec tho unit t~ermal conductance is
expressed as a function of 1.

— .-—
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.Isothermal Statio Pressure Drop “-.-j c
.

. ....-

1. P.r6s~urem drone thrburh henter. - Th’~ ,mre=sure----y- ------ ----- ----- ----- -
drom ‘al-qnpthe al~..ed.’daof the cdrrurated fluted Ii=Ster
was 65 percent ~r”eater than that alonp the air side of
the noncorrupated heater. On the exhaugt-~as eide tbe ‘.
corr9spondlnp increase ~.wms about 130 D9rcent. The frac-
tio’til”increase In nressure drop on the air side was less
than that on the gas side beoaueg the losses ~n the air
Inlet and outlet ducti~ w,ere atiout ona-half the total 10SS
and were the Qame” on.both the corruRat+ti and .honcorrupated
fluted heaterp: “ . “

. .

.. .. . . .
!Phe aprqement between the “isothermal frictdon”f~ctor

c180 for the exhaust-flas side of the heater, bnsed on
laboratory measurement, and that taken for commercial
tubing is excellent, tSee fip. 15.) This” tndicates that
the method de~cribed above for the calculation of the
statia pressure dron. throuph. the inlet ~nd outlat Air duct~:
namely, substractin~ the over~~ll static nr-s=ure”dron alonr
the”alr tiassa~es (computed-from commercial tube f~lct”lofi
faotor data) from the to.t,almrf.ssure.drop ncrosts the ducts
and the heater, is probably qdeauate.

. . . .
If the mapnitude of the Reynolds numh=r- w~re the .

same on both ~ides of the two corrugated flutad .hPaters,.

the m=gnitude o:” the friction f~ctor- tiso for the” c&rru-

~ated passa~es would be. .%out th~ s~me. ‘4n ir~mactlon of
t~l.blesIII and IV and fi~ure 15 r-vemlg thil to be ~pmroxi-
mat~ly true. The fact thst th~ gas and sir nnssap~a are not
alike In qhame, that the maaqaR~s nr~ t~nPr~8 ~t ~ach and,
nnd that all of the-wetted -=rlm=t~r on th= a~r glile doeg
not contqln corrugn{ionm aould account for t.ha differ~ncee
foun~. A calcul~t.iog of the ieothern=l-friction factor. ”
from the”dtitn of ~Qrriq RDd. %ofpord (refev=nce “1O) for
“~imll~rly shamed corrugated surf’.ac=e revealed a value of”

tiso = O.10~ nt a magnitude of Reynolds number d? 12,400.
At the loweet wei~ht rRte usrd in ths tests describmd In
thle ranort (Reynolds number = 1~,,00~) the frtct~on factor,
WFLS enuel to O.llg for tbe eor~~r corrugntqd flut~~d heat.~r
and 0.137 for the stainl:!es-steel he~tpr. The Reynolds
number wa? evaluated by usin~ tha hydraulic dlam~te.r. for
the ei~nificant dimen~ion -l).“ .4 slmil~r valuF of ~i~o “

wha obtained for t“he.einuous’passkg.ss on th~ air side “of
a cross-flow-tyi?e beater ~ebcr”lb>d in refere~e 11, “ ““”-

.,

“L
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2. PressUr9 dr.~p through air ducts .- The complex

shape of the inlet and outlet air duets does not permit
a sim>le’predic~log. of the- Isother.aal prb~sura.dre~ ‘-
‘through thes?.:units.. ..In.the expression. - . . . . ..

.., . . ... .!. . .. .. ..:
. . . . . : .. AP ~u~ .: “ : “,; .(12) ..—=.. . .

Y Zg . ~ . ..:
. . ....

.. .
a valve of K aqual,to.about 1.0 to 1.5 was fouud to
be apprppriato in calculating the duct lQSSOS, This
magnitude of K Is equivalent to that used tn computing
the pressure drop along a 90° elbow, which the ducts
.re~eable. .. .. “

.,,
.,” :..“~onisothoru.l Stati&Pre.s.s.uro Drop ~ : ‘

Th~ prediction ‘of tho .;o.nis;thormml static-@res6ura .
drop. from thotieqsurdd isot-hor,~l prossuro. drop., b,v means
of equation (,14)W was successful in.all but one instanco~

-.(Seo iigs. 8,, 9, 12, 13&aq.d 14. ) m...
.. .

The slopes of the” nonisothormal press”uro drop again~t
weight-rate curves ar~ groator than tho iaothormal eurvos
when *he f.Jui& IS coqlpd (gas side) and lass when $ho fluid
is hoate.d .(a.lrside), An ins’poction of oque.tion .(14) ro-
voals tho .bnsis for those facts-

.. .

Hoator .Surfaco TcicTaratures .

.The heatn.r surfaco to~pnraturos (sea ta’kles I and
II) appear to bo lower for tho runs ou. th.o~stninlet3s-
stool h~a$crs than for thoso bn thm coppar. hcator. The
difficulties oncountorod in obtaining tomporatui’e measuro-
monts by.t~lo UEO of thermopouplos might account for this
devintion. ..

.
. .

. . CO~CLIJSIOIIS

1, Tho thermal Eorformanco of tho .noncorrugat~d
fluted hoat@r can ~0 pr~dicted to within 20 to 25 percent
by means cIf equations (5) , (6) , and (7), based an heat-
tiansfor data of smooth ducts.

..
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. .. 2.. The thoqmal performance of the corrugated f-lutod
‘‘.hoators ‘can ,IJ’oyr~die~e~ to ~ithin 5’ to 10 percoqt by
““ moans of aqua.t.ions.(5) ,.. .(8)’,.~nd ($), based, em..he?.t-

-. trand. fer.-da-ta..Pf-.f la.t.platea J “using th~ .wavo loqth of
the oorrugabi.ons aq the equival~nt flat -plato length,

. . . ..

3., ‘The norilsotfier~l pressuri drop of all tho
heat.ors can bo .a-deq~t.ol~.prod.ioto+ fr qm the Isothorma~
press.ma. dro~ by ~oane of oquatxon (14).- ,. -

.,. . .

.. . ~; ...T”ho-heaters qonstru.cto~ with ‘corrugated.passages. ..
instead of plain passages yleldod about 46 porcont higher
rat,qs qf heat, tran,s,fer.“but .Incressqd tQo. p,ressuro drop , .
by shout. 66 percent ,on thd air aide .an~ b~ about. 130 per-

: cent on .tho’dxhaust-gas s,idtsof ,tho hdater..
.. ..

5. ‘.Tho “lsothorm~l friction factor along th; corru-
gated. pas,$agos was t:wo to threo .t.imcs that for the pla~n.
paes,agoe.

6, The inlet and outlot ~ir d~cte accouritod for
about 83 percent of tkc total moasurod 1.so.therual press-ure
drop In the caso of the noncorrugated heater and about 50
percent in the case of the corruga.tod .heator., .

7. .~he heat-transfer rates and pressure drops .we~e
approximately equal for the two corrugated fluted heaters
(copper and stainless steel). , . . .

8V The use of an uir shroud with abrupt .inlet and
outlet ducts on the plain flute d.heater ytelded the same
rates of heat transfer but 100 percent greater pressure
drops thaq did the uqe of a shroud with longer inlet and
outlet duets, ,. “

. .
. . ..
.

Universl~y of Califorqla, .
Berkeley, Oalifa .

..
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EXPERIMENTAL RESULTS ON NON CORRUGATED TYPE HEATER “TABLE r.-

HEATER
TEMPS.

. .

OVERALL
PERFORMANCE”—AIR-SIDE— CEXHAUST-GAS SIDE-

&
$9

0.52

0.50

0.64

a 52

0.67

0.47

a60

P $/

R66

AT.

‘F

IS4

/97

276

/36

/81

253

/2/

/6/

228

A?;

Itwk
j+20

20.3

988

236

20/

fi70

33/

sao

S?m

3.50

AP;

Inches
HZO

4.J7

4.65

4.52

254

2.50

z 72

L32

L42

L43

t,

“F

528

644

7.9/

466

586

7*

#l 7

FZ6

667

*S

“f

546

6S9”

834

504?

609
!,

769

.

44/. .

545

667

Rim

No.

T,,

“r

M/.
lb
E

4550

2970

/ 6/0

4700

3000

/6/0

#50

2975

/820

T9,

‘F

/420

/40 7

/428

/4/5

/438

/407

/424

/4/5

/424

T9,

T

/372

/368

IWO

/.355

/372

/372

/s2

/3s5

/364

ATq

“r

48

39

38

m

66

3s

82

60

60

w.
$

6670

663o

66/0

4840

4840

4850

35@o

3560

3Lf60

Ath

‘r

1/30

//90

II70

/220

/2/0:

:/70

,.

/230”

izos

1170

9’
K.w
-F

170

!42

/08

/s5

132

9616

/36

//6

8fls

$9
K.13tU

F

8&/

7A/

69 I

80./

8Z8

46.7

8L0

588

SW

49

so

SI

54

53

52

5s

J6

s?

SW

100

/00

/00

/042

/w

99

/03

/03

2s2

297

376

236

283

353

220

264

3J/

.



TABLE II.- EXPERIMENTAL RESULTS ON CORRUGATED-FLUTE TYPE HEATEi

....

1. COPPER CONSTRUCTION

OVERALL
PERFORMANCE

HEATER
TEMPS.;IDE ——AlR- HAU’

ATg

“f

/00

f08

65

/29

/08

86

/46

/38

//2

FGAS

WJ,

E

.

AT,

“F

255

320

408

2/2

a 7/

357

/82

246

Y32

~

AP;

Inches
HZO

2“ 7

/2. f

X72

22.0

/15

535

2L 9

IL 4

505

%“
K,Btu
F

228

/94

/s3

/95

/70

/34

/70

/5/

/25

Tq,

“r

/424

/442

/442

/429

/403

/398

/4//

/420

/433

Tq,

“r

/32I

/334

/377

/300

/295

/3/2

/265

/282

/32/

A?;

Inches
HsO

t,

“r

w.
$

3700

25W

/5s0

3800

2580

1550

3850

2530

/550

ta

“f

Run

No.

Te,

“F

fgz

f94

9@

I 74

/45

//6

/43

/36

//0

744

t?l~

#46

623

720

849

S43

66Z

798

202

f75

/40

/7/

/56

/27

/50

/36

//5

9

/0

I II

/4

/3

/2

15

/6

/7

/04

/06

///

/10

//2

//0

/09

///

//2

35@

426

5/9

322

383

467

29/

357

444

6620

6560

652o

4886

4886

4886

3568

3578

3S68

/2./

/L9

/2.3

720

6.88

700

4./5

400

T83

n80

(00

265

).89

).8S

?.86

?.84

290

Z88

7/6

8/6

929

6Z8

7/7

63s

558

9S8

786

//30

///0

/090

//40

/oH

/130

///0

/om

2 STAINLESS STEEL CONSTRUCTION

6497

6535

64+6

3r47

3346

3#96

//8

/L9

/4? /

380

370

389

2/5

/82

{44

/7+

/34

/24

34a2

2490

/550

3470

2485

/590

2a4

/3 o

379

207

/2.0

s 92

W4

/398

/420

/4/6

/424

/420

98

77

69

/38

/33

/08

/75

/38

/22

/35

/30

/04

f181

0.76

0.86

a 78

a 84

0.84

472

538

67/

375

447

555

486

56’5

688

39/

462
573

//25

//w

/080

//#f

1/15

/090

/9/

/65

/33

/5/

/38
//4

2’6

27
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30

31

/m
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99

/01

/od

104

36/

39#

483

.307

356

426

26/

302

384

206

256

3Z2

/3/6

/32/

/35/

/278

/29/

/312
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(lb/hr)
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TABLE III

NONCORRUGATED FLUTED TYPE KEATER

Isothermal static pressure drop data

G AP.
c.

1s0 = ~htr + ‘ducts c li~~ ~ ~c;;u Reiso

(lb/hr ft’) (lb/ft2) (lb/ft2) (lb/ft2) lated
from

(a) (c) (b) (b) data)

Air side

1500 13,400 10.9 1.90 0.033 O*71O ----- 17,100
2500 22,300 2~.5 4.94 2;:: .030 .646 ----- 2g,600
4000 35,700 65.0 11*4 53,6 .028 .604 ---— 45,500

Gas side

4000 20,600 2.23 -.”-- --— o.0213 0.329 0.027 45,200
6000 30,900 4.73 ---.- ---- .026 .323 .026 67,goo
aooo 41,200 8.10 ---.- ---- ●O2G .298 .025 90,100

al?ressure drops

3. 1s0 obtained

c~ht r for air

obtained from plots of AP a ainst W.
from fig. 7 of reference 3 ?’friction factGr against Reynolds)

side obtained from predicted (~iso L/D) (See -pg.12)

~htr ~ L ‘mz.— (11)‘= iso D2g
‘v
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TABLE IV

CORRUGATED FLUTED TYPE HEATERS

Ei?onisothermalstatio pressure drop dam]

w G AP
iso

(lb/hr) (lb/hr fta) (lllffta)

(a)

1. Copper Construction

= ‘duct

(lb/ft2)

(b}

(lb/ft2) (cal.culated
from data)

Re

Air side

1500 14,600 17.6 9.00 8-60 o.11~ 2.62
2500

17,900
24,300 43.1 23.1 20.0 .099 2.20

4000
29,700

Jg,aoo 97.7 56.I. 41.,6 .077 1.71 4~,700

Gas side V*

4000 Zl,tio 6.96 —-- ----- 0 ● 111 O.ggg 65,200
6000 32,000 13.9 —--- ----- .099 .%Qi 97,600
gooo 42,goo 22.6 ------ ----- .090 .go2 130,000

2. Stainless-steel construction

Air side

1500 14,400 lg.2 9.00 9.20 0.137 2.EH3 lg,600
2500 2Q,000 46.2 23.1 23.1 .12b 2.61

4000

31,000
39,400 109. 56.1 52.9 .111 2.34 50,900

\
Gas side ,,\

4000 21,400 6.49 ----.- ----- 0.0941 0.923 ;::~;
6000 2,000

{
12.0 —. ---— .077f3 .762

L3000 2,goo lg.6 -— ----- .0674 ,661 ly3,000

aPressure drops obtained from plots of AP against W.
b~ obtained from data on noncorrugated fluted heater (See text,

duct
pg. 12.)

.
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Run

56
53
51

52
53
55

w

(lb/hr)

3560
4g40
6610

TABLE V

NONCORRUGATED FLUTED TYPE HEATER

[ Isothermal static pressure drop data]

G

(lb/hr ft’)

Measured
isothermal
pressure

drom
APi~o AFT.

lbffta in.tI~O
(T~ = 552‘R)
lsO(a)

18,000 1./31
24,900 3.16
34,100 5.66

1610 14,400 12.5
3000 26,~oo 3~.9
465o 41,500 g6.g

predicted
noniso-
thermal
-pressure

drop
AP

J_

~pI

l’o/ft2in. H20

Exhaust gas side

Air side

Z.1O
7.50

16.7

Measured
noniso-
thermal

pressure T1 T2 Tav

drop
AP I AP! (OR\ (0 “. —-, . ‘R) (UR

lb/ft2 in. H20

19.1 3.68
54.0 10.4
112. 21.6

17.2 3.31 563 724 64
50.4 9.70 562 743 65
104.0 20.0 559 6i30 62

aThese entries are taken from plot of APg aSainst ‘g or APa against Wa

since actual isothermal measurements were at slightly different fluid rates.

T 7.●

()avAP=AP. —
lso Tiso

API = AP X

‘3+(&)’+.(+)
12

G
in. HZO

(14)
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Run

w

(lb/hr)

G

(lb/hr ftz)

TABLE VI

CORRUGATED FLUTI!DHEATER

[Nonisothermd statio pressure drop data]

Measured
isothermsl
pressure

drop

Apisj ~lTi~o
lb/ft in. H20

Predicted
noniso-
thermal
pressure

drop
AP Apt

lbfftz in. H20

Measured

noniso-
thermel

pressure
drop

AP Apt

lb/ft2 in. HaO

T1

(OR)

Tz

(%)

Tav

(OR)

10 Copper heater

Exhaust gas side

16 y)go 19,100 6.00 1.16 21.9 4.23 20.8 4*OO 1902 M37 M70
i2 4890 26,100 10.2 1.96 34.4 6.64 ~:.: 7.00 1902 1794 lg48

9 6620 35,400 16.6 3.20 55*7 10.8 . 12.1 “ lW4 17gl lg33

Air side

12 1550 15,,100 lg.s 3=57 29.9 5.76 27.g 5*35 570 927 749
16 2530 24,500 44.0 g.bo 63.1 12.2 5g.g 11.4 571 g17 694
14 3800 36,900 90.0 17.4 125.7 24.2 114.0 22.0 570 7g2 676

2. Stainless steel heater

Exhaust gas side

31 3500 18,700 5.10 O.gf?, 17.5 3.3/3 20.2 j.gg lLWO 1772M26
27 654o 34,900 13.5 2.60 46.3 9.00 61.7 11.9 lgy3 17/31M20

Air side

2g 1550 14,900 19.5 3.76 32.1 6.20 30.0 5*79 559 943 751
27 2490 24,000 45,0 8.68 6~.9 13.3 67.2 13.0 557 g59 7og
26 3400 32,700 7’/3.015.0 115.E? 22.3 105.6 20.4 560 Ef2169o

\

%he entries are taken from plot. of APg against Wg or Al?a against Wa,

since actusl isothermal measurements are at slightly different fluid rates.

&P= m@zJ’9’’+(-2..-J2~(+)
(14)

J-2~p! =APx —
62,3

in, H20



Figure 1.- Photograph Of
corrugated-flute

typo heater (stainless
Steel) .

Figs. 1,2,3,4,5

Figure 2.- Photograph of
oorrugated-flute

type heater (copper).

Figure 3.- Photograph of air shroud used
heaters.

on flute-type

Flgure8 4 and 5 - Photograph of heaters in test stand.
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Fig.16. - SCHEMATIC DIAGRAM OF SOLAR HEATERS AND AIR SHROUD.
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